Summary: In psychiatry, neuroimaging facilitates the diagnosis of psychiatric disorders and the development of new medications. It is used to detect structural lesions causing psychosis and to differentiate depression from neurodegenerative disorders or brain tumors. Functional neuroimaging, mostly in the form of molecular neuroimaging with positron emission tomography or single photon emission tomography, facilitates the identification of therapeutic targets, the determination of the dose of a new drug needed to occupy its target in the brain, and the selection of patients for clinical trials.
INTRODUCTION
Unlike many neurological disorders, psychiatric disorders do not cause changes visible to the naked eye in the neuroimaging study of the individual patient [1] . They are, however, amenable to investigation by recent neuroimaging modalities, particularly quantitative structural imaging, as exemplified by voxel-based morphometry, and functional neuroimaging, using magnetic resonance imaging (MRI) techniques, positron emission tomography (PET), and single photon emission tomography (SPECT). Additionally, in the last few years psychiatric neuroimaging has benefitted from its interaction with genetics ("imaging genetics"). In such studies, neuroimaging findings in two or more genetic variants of the population are compared in order to discover imaging endophenotypes that may be amenable to measurement, and, therefore, useful as biomarkers in therapeutic discovery [2] . By relating neural structures to specific genes, imaging genetics is also likely to reveal the molecular underpinning of the organization and function of the various brain structures [2] .
In this article I will review first the use of neuroimaging in the diagnosis of psychiatric disorders and then its use in the development of drugs to treat these disorders.
NEUROIMAGING IN THE DIFFERENTIAL DIAGNOSIS OF NEUROPSYCHIATRIC SYNDROMES
Neuroimaging may help arrive at the correct diagnosis in a patient presenting with psychiatric symptoms. Such symptoms may be caused by neurological diseases masking as psychiatric disorders or by disorders currently considered to be primarily psychiatric in nature.
Neuroimaging to diagnose neurological diseases masquerading as psychiatric disorders
Neuroimaging is routinely used in the workup of patients with psychotic disorders because lesions of the frontal or temporal lobes, most often tumors, can present with psychosis [3] . In some cases, a behavioral syndrome is caused by focal seizures arising from a tumor, notably oligodendroglioma, or from congenital or traumatic lesions [4, 5] . Psychotic features may also be found with thalamic or hypothalamic lesions [6, 7] . Apathy caused by a frontal brain tumor may be mistaken for depression [8] .
In older people with cognitive impairment, it may be difficult to differentiate a neurodegenerative disorder from depression. Neuroimaging may be helpful in this situation by showing findings characteristic of Alzheimer's disease (AD), diffuse Lewy body disease, or one of the frontotemporal dementias. AD is characterized by medial temporal atrophy on MRI or X-ray computed tomography (CT) [9] , decreased metabolism in the parietotemporal association cortex, and precuneus on [ 18 
F]
fluoro-deoxyglucose (FDG) PET [9] and amyloid deposition on Pittsburgh compound B PET [10] . Many of Electronic supplementary material The online version of this article (doi:10.1007/s13311-010-0006-0) contains supplementary material, which is available to authorized users. these neuroimaging features are also present in diffuse Lewy body disease, but in addition to cognitive impairment patients have parkinsonian findings. The frontotemporal dementias, or other lobar dementia syndromes, can be identified early on FDG PET by decreased metabolism in the affected region, which eventually also shows atrophy on MRI (FIG. 1) [11] .
In a patient with impairment in various areas of cognition, likely to be attributable to an attentional deficit, and with a normal result on the structural imaging study, a negative result on the PET or SPECT study lowers the probability of a neurodegenerative disorder [9, [12] [13] [14] . A normal result on the FDG PET study lowers the probability of the patient presenting a neurodegenerative disorder in the following few years to about 10% [13] . The 67% probability of a pathologically confirmed diagnosis of AD with a clinical diagnosis of possible AD drops to 52% with a negative result on the SPECT study [14] . A negative [ 11 C]-Pittsburgh compound B PET result will decrease the probability of AD and dementia with Lewy bodies (DLB), but not of having a frontotemporal dementia [10, 15] . Very seldom will a neurologic disorder present with manic symptoms, although the disinhibition and behavioral disorders of the frontotemporal dementias of the Pick type may be confused with mania [16, 17] .
(a, b) FDG-PET and (c) FLAIR MRI studies from a 51-year-old man with progressive speech apraxia and impaired planning, to the point of mutism and complete dependency for activities of daily living when studies (b) and (c) were performed, on the same day. Metabolism was already decreased on the initial PET study, particularly on the frontal opercula and temporal tips, but it is much more obvious on the follow-up study, showing extensive frontotemporal hypometabolism. Note that the frontotemporal abnormality is much more obvious on the PET study (a, b) than on the MRI study (c), which shows frontal atrophy. FDG-PET = [
Neuroimaging in the diagnosis of psychiatric disorders
Neuroimaging of psychiatric disorders has to contend with the diagnostic issue in psychiatry. Psychiatric diagnoses depend on an array of clinical manifestations that reflect neuronal network dysfunction [18] . However, network abnormalities may differ among individuals with the same diagnosis [19] . Moreover, similar network abnormalities could be caused by diverse etiologies. For these reasons, the neurobiology of psychiatric disorders is likely to be highly heterogeneous. Even when for clinical and research purposes entities such as schizophrenia and depression are used as if they were a single disease, these disorders are more likely to be syndromic groupings of an array of different diseases. No surprise then that the neuroimaging findings in psychiatric disease may lack specificity and often fail to reveal a clear connection to a single neurobiological disturbance. Currently, the neuroimaging pattern determined in the study of a single psychiatric patient does not allow for an accurate diagnosis. Some characteristic findings, however, have been derived from samples of patients with each of the psychiatric diagnostic groupings. Only those that have been duplicated by several groups will be mentioned here.
Schizophrenia. Based on results from voxel-based morphometry or other quantitative structural MRI techniques, the volume of the prefrontal, anterior temporal, and perisylvian regions, as well as of the anteromedial thalamus, has been found to be decreased even in first time psychotic episodes [20, 21] . However, similar structural changes can be effected by the use of antipsychotic medication [22] . Functional MRI (fMRI) or H 2 15 O PET scans have revealed abnormal activation in the prefrontal and cingulate cortex and the medial temporal lobe [23, 24] . The interaction between these structures is also abnormal [25, 26] . Decreased suppression of the restingstate brain network during stimulation paradigms has also been reported in schizophrenia [27] . Abnormalities in dopaminergic activity will be reviewed in the section on the application of neuroimaging to drug development.
Major depressive disorder. By contrast with some of the neurodegenerative disorders that can mimic depression and which are accompanied by decreased frontal lobe metabolism, in depression, elevated metabolism but reduced volume have been found in the subgenual region of the medial frontal lobe [28] . Also, the activation pattern on fMRI has been found to distinguish these disorders. Hippocampal activation during a memory task was found to be decreased in AD patients compared with controls and depressed patients [29] . In contrast, orbitofrontal and cingulate activation were greater in depressed patients than in AD subjects or healthy controls [29] . Genotypic variants are likely to influence both the likelihood of developing major depression and the imaging findings. For instance, in depression, increased activity of the amygdala in response to negative stimuli appears to be modulated by the 5-HT transporter gene (SLC6A4) promoter polymorphism (5-HTTLPR) [28] . Hippocampal volume loss is characteristic of elderly or chronically ill and depressed individuals and may be impacted by the val66met brain-derived neurotrophic factor gene variant and the 5-HTTLPR SLC6A4 polymorphism. In terms of neuroreceptor PET imaging, major depression has been associated with decreased 5-HT(1A) binding potential in the raphe nuclei, medial temporal lobe, and medial prefrontal cortex [28] .
NEUROIMAGING IN DRUG DISCOVERY AND DEVELOPMENT
This section draws heavily from the excellent review by Wong et al. (2009) [30] . Neuroimaging can be helpful at several levels of drug discovery and development: 1) in characterizing preclinical models; 2) in early clinical studies to show that target engagement by the new drug induces the biological changes expected to give clinical benefit; 3) in clinical trials to demonstrate proof of concept (PoC) or, in other words, that engaging a particular target is linked to a meaningful change in a clinical endpoint and thus proving the effectiveness of the drug being tried. An example of the use of neuroimaging in preclinical models is the demonstration that a new PET compound, [ 11 C]GSK931145, binds the glycine transporter 1, an important modulator of NMDA receptors, which are considered to be hypoactive in schizophrenia [31, 32] . The brain distribution of this compound can then be studied in the rat, larger experimental animals, and humans (FIG. 2) . A comparison of the brain distribution of the glycine transporter in schizophrenic patients and healthy controls based on the presence of this compound could allow for the determination of a potential role of the glycine transporter 1 in schizophrenia. If this transporter were found to have abnormal activity in schizophrenia, drugs could be designed to return its activity to normal. The biological efficacy of such drugs could then be monitored with neuroimaging: displacement of [ 11 C] GSK931145 would mean that the experimental drug is binding the glycine transporter 1 [32] . Still, the abnormal function of this potential drug target may not play a role in the disease but, rather, be a byproduct of other deranged mechanisms. For this reason, a clinical trial is still needed to prove that the new drug is beneficial in schizophrenia.
Neuroimaging provides a window to observe "in vivo" brain structure and function, both of which are likely to be abnormal in two of the commonest disorders affecting humankind: depression and schizophrenia. As such, it could be an ideal biomarker in therapeutic drug development. A biomarker is defined as a characteristic that can be objectively measured and evaluated as an indicator of normal or abnormal biologic processes, or as an indicator of pharmacological responses to a therapeutic intervention [33] . In a progression from less to more specificity, biomarkers have been classified into three types: type 0 is used to track the natural course of the disease; type 1 can be used to examine the effects of intervention along with the known mechanism of action of the drug but without a strict relationship to clinical outcome; finally, a change in type 2 biomarkers is predictive of clinical outcome [30] . At present, most imaging methods in psychiatry do not meet the biomarker status. Some, however, can be considered to be emerging biomarkers or pre-biomarkers because they allow for the identification of therapyrelevant characteristics of the disease. For instance, by imaging striatal dopamine (DA) D2 receptors using [ 11 C] raclopride PET, a link was found between D2 receptor occupancy by medication and a reduction in positive symptoms in schizophrenia: ascending doses of up to 80% receptor occupancy were progressively more effective in relieving delusions and hallucinations [34] . This result also explained some of the clinical side effects of higher doses: above an 80% occupancy there was no therapeutic benefit, only an increase in extrapyramidal side effects, including akathisia. These findings make D2 PET a useful tool to strengthen the PoC of a given drug being effective for positive symptoms: if it blocks D2 striatal receptors, it is likely to work [30] . Additionally, as receptor occupancy can be measured, PET is a useful tool by which to establish a dose range when testing for new, pure D2 antagonists. However, antipsychotic activity may not depend on the blockade of striatal D2 binding, but rather on the blockade of extra-striatal binding sites. Atypical antipsychotics, such as clozapine, which are effective in alleviating positive symptoms while producing minimal parkinsonian sideeffects, block preferentially D2 receptors in regions outside the striatum, such as the temporal lobe [35, 36] .
In general, neuroimaging can help in a number of the steps needed to determine the properties of a candidate drug. It is critical to determine first whether the drug crosses the blood-brain barrier (BBB) and thus is delivered to the target compartment, namely, the brain. The speed of delivery and possible competition with other substances are included in what are termed the pharmacokinetic properties of the drug in development. Next, it is important to determine if the drug engages the appropriate target, be it a receptor, a transporter system, or an enzyme, and whether it does so in a dose/exposurerelated manner. After it has engaged the target, it is critical to determine whether it causes the biological effects expected from target activation [30] ; these are the pharmacodynamic properties of the drug. The following sections present examples of how neuroimaging is being used to obtain information on the various steps of candidate drug behavior.
Role of various neuroimaging modalities in drug development
PET and SPECT. Both PET and SPECT have been used successfully to explore a number of neurotransmitter systems. Best studied as regards drug development in psychiatry is the dopaminergic system. In terms of PET tracers, presynaptic DA synthesis and storage have been studied with [ is also commercially available in Europe and has been used in the USA for clinical studies of schizophrenia [43, 44] .
If the study requires anatomical detail, in addition to the relatively low-resolution PET (∼7 mm resolution) or SPECT (∼10 mm resolution) images, high-resolution (∼1-2 mm) structural images can be obtained with MRI [45] . Functional and structural images of the same subject are co-registered to yield anatomically detailed images.
In untreated schizophrenia there is decreased D2 receptor binding in the dorsomedial nucleus of the thalamus, striatum, anterior cingulate cortex, amygdala, and temporal cortex [46] . This reduced binding may be explained by a greater receptor saturation or even by downregulation of the receptor, induced by an increased secretion of DA in these regions, and has also been documented in schizophrenia by means of [ 18 F]fluoro-DOPA PET [37] . Still, the net effect may be that of increased D2 receptor stimulation, such that blockage of D2 receptors by neuroleptics is therapeutic.
PET has been used for a variety of applications in drug development, for instance, by using established or newly developed PET radiotracers for a particular target. Targets being sought depend on the neurobiology of the disease: DA is a likely target for schizophrenia; serotonin is a likely target for depression. For this reason, PET ligands have been developed to assess serotonin receptors and transporters in this disorder. Secondly, PET has been used to determine the degree of target engagement needed to exert therapeutic effects, for instance, by determining norepinephrine transporter occupancy in attention-deficit hyperactivity disorder or cannabinoid occupancy in obesity and other psychiatric disorders [30] . Thirdly, PET can be used to study the effect of an enzyme or a second messenger system, such as phosphodiesterases I-V in depression [30] .
Two major approaches have been used in PET drug development: 1) to radiolabel the new drug and 2) to estimate its target occupancy [30] . Once the new drug has been radiolabeled, important characteristics can be determined, such as its brain distribution, some of its washout characteristics, and whether it is a substrate for BBB pumps. Depending on the label, studies can be carried out not only on experimental animals, but in humans as well. However, the radiolabeling of candidate drugs is not a straightforward procedure, and primary quantitative radiotracers label only a very small number of potential drugs. In addition, the interpretation of the findings with available labeled drugs requires care. Given the short acquisition times possible with these isotopes (maximum of 90 min with 11 C and 8 h for 18 F) and even the shorter standard scanning times, the brain exposure for compounds that cross the BBB slowly may be underestimated. Higher brain concentrations after chronic dosing may also lead to an underestimation of brain exposure when the study is performed during early dosing. By contrast, true target engagement may be overestimated with PET. This is the case when the total regional brain activity is recorded, and binding to the test drug is not separated from radiolabeled metabolites of the test drug and free tracer and tracer nonspecific binding [30] .
The difficulties experienced in labeling new drugs and measuring accurately their brain distribution have led to a different strategy for many drug development studies using PET or SPECT: the target is labeled instead of the drug. For this purpose, existing PET/SPECT tracers are used to determine the target occupancy of the new drug in displacement studies. A more active drug translates into less labeled target being available. For instance, in one study, the serotonin transporter was labeled with 123I-ADAM SPECT; brain distribution of the tracer was found to be greatest in the medial raphe region of pons and midbrain, providing anatomical evidence of the specificity of the tracer [47] . Both depressed patients and healthy controls had similar levels of the tracer. After a 6-week course of paroxetine (20 mg/day), a 71% decrease in serotonin transporter occupancy was observed in the midbrain (FIG. 3) .
Whether to use PET or SPECT for molecular functional studies depends on the availability of radiotracers and on the need for anatomical resolution. For studies in humans, PET currently has a greater anatomical resolution than SPECT. However, for small animal studies, SPECT cameras, in units combined with X-ray CT, are available which have greater spatial resolution than PET [48] . Catafau et al. [39] compared the two nuclear medicine techniques in a study of D2 receptor occupancy. The same subjects were given [123I]IBZM, a SPECT tracer, and [ 11 C]Raclopride, a PET tracer. Occupancy values measured by SPECT (12.4%, using occipital cortex as reference region) were lower than those measured with PET (13.8%, using the cerebellum as reference region). Anatomical resolution was superior in the PET studies. However, there was an almost perfect correlation between D2 occupancy in individual subjects using either method [39] .
Drug binding characteristics have a major effect on drug evaluation by PET. Neutral orthosteric site antagonists, such as haloperidol, are relatively straightforward to assess by means of PET. However, considerable challenges exist in the assessment of target engagement and in linking it to efficacy for agonists, partial agonists, such as aripiprazole, inverse agonists, and allosteric modulators [30] . Many new therapeutic approaches to psychiatric disorders use positive allosteric modulators as a means to fine-tune the primary excitatory (Glu) and inhibitory [γ-aminobutyric acid (GABA)] systems. Aripiprazole provides an example of the caution to be used interpreting drug behavior with PET. As mentioned, the original PET studies with neuroleptics showed that DA D2 antagonists have antipsychotic efficacy with minimal extrapyramidal syndrome side effects within a 'therapeutic window' of 65-80% striatal D2 receptor occupancy. However, for aripiprazole, occupancies closer to 90 or 95% were needed for the therapeutic range of the drug [49] . This behavior on PET reflects the likely mechanism of action of aripiprazole, which is a partial agonist at D2 receptors. The original "therapeutic window" of 65-80% receptor occupancy is valid only for DA D2 antagonists [30] .
Similarly, when studying dosing for antidepressants, serotonin reuptake inhibitors (SSRIs) have been shown to occupy ≥80% of the serotonin transporter (SERT) at clinically used doses; within this class of drugs, this occupation seems to be independent of the specific SSRI. However, the tricyclic antidepressant (TCA) clomipramine occupies 80% of the SERT at doses as low as 10 mg, at a plasma concentration of 1.42 ng/ml [50] . Yet, clinically used doses are 50-150 mg per day and therapeutic plasma concentrations range between 175 and 450 ng/ml [51] . This finding leads to some obvious questions [30] : Is blockade of the SERT and the norepinephrine transporter the therapeutic principle of clomipramine (and of the TCAs in general)? Or do TCAs behave completely different from SSRIs due to their broad pharmacological actions at many different molecular targets? How valid are the studies upon which therapeutic doses and plasma concentrations have been determined for clinical use of the TCAs over decades? Some of the answers to these questions rest on the pharmacology of the various compounds [30] . Agonists and partial agonists present a complex pharmacology for PET occupancy studies. Agonists require only a very partial occupancy to exert their pharmacological effects. For instance, occupancy of the GABAA-benzodiazepine receptor site by benzodiazepines is only 15-25% at full pharmacological effect. These compounds act with a very high receptor reserve. Therefore, when using PET to calculate dosing, it is important to remember that a radiotracer/pre-biomarker that has been demonstrated to predict the biological effects of a certain class of compounds might lose its validity for a drug with a slight modification of its mechanism of action even if it binds to the same target molecule [30] .
Another application of PET imaging in dose finding is in the early rejection of new drugs. If a dose that demonstrated adequate target engagement in humans does not have efficacy in the clinical trial, PoC can be rejected, and a drug target can be abandoned more quickly. For instance, [ 18 F]SPA-RQ PET showed how the drug aprepitant blocked its target, the neurokinin 1 receptor. However, it was no better than placebo in terms of improving clinical depression as measured with the Hamilton Depression Scale (FIG. 4) [52] . PET imaging demonstrated that the drug was ineffective even when the dose given was sufficient to adequately engage its target.
fMRI. While fMRI is much more widely used than PET for the study of cognition, it has not been used as much in drug development. However, this technique has the potential to show the mending of abnormal brain function with effective new medications. For example, fMRI has been used as a pre-biomarker in the study of depression. The SSRI antidepressant citalopram reduced amygdala activation in response to fearful faces in normal volunteers [53] . The amygdala response to fearful stimuli could develop into a pre-biomarker for antidepressant effects.
Magnetic resonance spectroscopy. This technique has been applied to the assessment of the mechanism of action of psychotropic drugs with GABAergic or glutamatergic mechanisms of action, by measuring "in vivo" glutamate and GABA amino acids. For instance, the improvement of bipolar depression with cytidine has been linked to decreased glutamate levels in the anterior cingulate region (FIG. 5) [54] .
Diffusion tensor imaging. Diffusion tensor imaging has been used to determine white matter integrity in patients with depression who have undergone multiple treatments with transcranial magnetic stimulation, as a means of proving that this treatment is safe even if applied repeatedly [55] . Using tractography, Coenen et al. [56] documented in patients being treated for Parkinson's disease with subthalamic stimulation that those patients who developed mania with stimulation had electrodes placed in the proximity of the medial forebrain bundle. This finding has potential for the development of depression treatment strategies based on deep brain stimulation.
CONCLUSION
In summary, neuroimaging is being increasingly applied in the development of psychiatric therapies. Neuroimaging enables the clinician to test whether a potential drug target is abnormal in a psychiatric disorder and whether, therefore, its correction may be therapeutic. By labeling a new drug or its target, BBB penetration and target binding can be assessed, as well as the dosing needed to accomplish these. Finally, by showing which individuals manifest the expected pharmacological action of the drug, neuroimaging allows for the selection of the group of individual most likely to benefit in a clinical trial.
